1. Doppler recordings were made from the brachial artery of healthy female subjects during a series of manoeuvres which altered the pressureflow characteristics of the vessel. 2. Changes were induced in the peripheral circulation of the forearm by the application of heat or icepacks. A sphygmomanometer cuff was used to create graded occlusion of the vessel above and below the point of measurement. Recordings were also made whilst the subjects performed a standardized Valsalva manoeuvre. 3. The Doppler recordings were analysed both with the standard waveform indices (systolic/diastolic ratio, pulsatility index and resistance index) and by the method of Laplace transform analysis. 4. The waveform parameters obtained by Laplace transform analysis distinguished the different changes in flow conditions; they thus had direct physiological relevance, unlike the standard waveform indices.
INTRODUCTION
It is not usually possible to study dynamic changes in blood flow in human subjects with electromagnetic flow probes, although they have been used widely in ,physiological and pharmacological studies in animals. However, Doppler ultrasound may be used to study flow-velocity patterns in vascular beds non-invasively. The Doppler-shifted frequencies are proportional to the velocities of the erythrocytes which act as point reflectors of the incident ultrasound waves [ 11; frequencies which make up the outline of waveforms arise from cells in the central stream of the vessel. Flow-velocity versus time waveforms show moment-by-moment changes as the flow characteristics in the vessel change.
Many ways of 'measuring' these changes in Doppler waveforms have been suggested; the most commonly used are systolic/diastolic ratio (SDR), pulsatility index (PI) and resistance index (RI). These ratios are all independent of the angle of the Doppler beam to the vessel, and variously compare the systolic ( A ) , diastolic ( B ) and mean ( M ) frequencies: SDR = A / B , PI = A -B / M , RI = A -B/A. However, these methods are inadequate for several reasons: first, they are affected by changing heart rate alone [2] ; secondly, the same change in ratio can be produced by quite different events (e.g. a rise in systolic frequency or a fall in diastolic frequency will have the same effect on SDR but will have different physiological or pathological significance [I]); thirdly, absent or reversed diastolic frequencies produce bizarre ratios or indices [3] .
It is important that any parameter used to define the changes in appearance of Doppler waveforms has physiological 'meaning'. SDR and PI have been demonstrated to change with alterations in downstream resistance. In animal models, embolization of the placental circulation with radioactive microspheres was shown to be associated with increasing values of SDR in the umbilical artery [4] . In humans, a correlation has been found between umbilical artery SDR, PI and RI and the count of obliterated tertiary stem villi arteries in the placenta [S-71. However, others have shown that upstream stenosis produces similar changes in PI to those caused by increasing downstream resistance [3] . Thus PI cannot be relied on as an indicator of downstream resistance.
Inspection alone of Doppler flow-velocity waveforms demonstrates that there are more subtle changes occurring in outline shape as a response to changing physiological conditions than can be expected to be measured by any of these ratios. This is because they only consider two points on the outline of the waveform (plus, in the case of PI, the mean velocity as calculated from the area under the waveform). Others have attempted to consider more points on the waveform envelope in order to derive measurement indices: for example, 'frequency index profile' [S], 'comprehensive feature characterization ' [9] and 'principal component analysis ' [lo] ; however, these methods are very cumbersome.
In mathematical terms, the complex outline shape of a Doppler waveform can be defined as the sum of an infinite series of sinusoidal waves (Fourier's theorem, as described in detail by Milnor [ll] ). Many have modelled an arterial segment or the entire circulation on electrical circuits [12] [13] [14] [15] [16] , drawing analogies between voltage and arterial pressure, current and flow, electrical resistance and fluid resistance, inductance and fluid inertance, capacitance and vessel wall compliance, conductance and 'leakage' (i.e. energy losses due to the viscoelasticity of the vessel wall and those due to flow down side branches). Such models, although simple representations of the complicated situation in uiuo, have yielded insights into the haemodynamic effects of changing vessel dimensions and pressure gradients, etc. Laplace transform analysis (LTA) is an established mathematical tool for the calculation of current flowing in complicated electrical circuits, with assorted resistance, capacitance and inductance elements and with voltage varying in a sinusoidal manner. Brown et al. [17] were the first to suggest using LTA to solve Doppler flow-velocity waveforms. The method was refined and developed by Skidmore and co-workers [18-211 in Bristol. It has not so far been applied widely because of computing difficulties; however, it is now readily accessible using commercially available equipment (Dopstation; Scimed, Fishponds, Bristol, U.K.). The theoretical background to the application of LTA techniques in the circulation is presented in the Appendix.
We wished to investigate the Laplace transform method of Doppler waveform shape analysis further as it offered the promise of yielding descriptive parameters with true physiological meaning, unlike existing waveform parameters. We thus designed a series of experiments to change sequentially the flow conditions in a vessel whilst recording its flowvelocity profile using Doppler ultrasound. We sought to determine if the LTA parameters derived from these Doppler flow-velocity waveforms mirrored changes in downstream resistance, upstream flow conditions and vessel wall tone.
METHODS
Fifteen healthy non-pregnant female subjects, were recruited from staff members and patients in the Gynaecological Wards of University Hospital, Nottingham. Their mean age was 32.5 (SEM 2.5) years, and their mean blood pressure was 119.3 (SEM 3.5)mmHg systolic and 73.6 (SEM 2.3) mmHg diastolic. None was taking long-term medication, or was known to be suffering from cardiovascular illness. All gave their verbal consent to the study. The study was approved by the Chairman of the Joint Ethical Committee for the University Hospital and University of Nottingham Medical School.
The study was performed in a designated Research Room, away from the distractions of the clinical area. The ambient temperature in the room was 20-22°C. The experiments were designed to assess the stability and reproducibility of Doppler recordings, and then the effect on the Doppler signals of upstream and downstream occlusions, lowering blood pressure and changing peripheral resistance, as assessed by LTA.
The following protocol was used.
(1) During 15-20min of supine rest, Doppler recordings were made from various arteries using a 4 Mz pencil probe (Doptek, Chichester, U.K.). Each vessel was located from anatomical surface markings using the continuous wave Doppler mode, and then the equipment was switched to the pulsed wave mode for recording on to an audio cassette tape (TDK D90; TDK UK Ltd, Croydon, Surrey, U.K.), using a Dual CC1462 HiFi cassette deck (Dual GmbH, St Georgen). Both external iliac arteries were measured at the mid-point of the inguinal ligament; external and internal carotid arteries were located at the angle of the jaw with the probe directed cephalad (the probe being directed more posteriorly for the internal carotid, then more anteriorly for the external carotid); brachial artery waveforms were measured in the antecubital fossae. Each vessel was easily identified by its typical Doppler waveform [22, 231 . Approximately 20 representative waveforms were recorded for each vessel, free from contaminating venous signals and other artefacts.
(2) In three subjects, repeat measurements from these eight vessels were made every 15 min for 1 h in total. The remaining subjects progressed to the following 'exercises', performed with the subjects sitting comfortably, with the arm from which measurements were being made supported on a pillow.
(3) Doppler recordings were made from one brachial artery while a sphygmomanometer cuff placed around the upper arm was progressively pumped up (to 30, 60, 90 and 120mmHg), then released. At each pressure level, 15-20 waveforms were recorded; the duration of each increment was thus no more than 20 s. After 5 min rest, when basal conditions had been reattained, the procedure was repeated.
(4) After a further 5min rest, Doppler recordings were made from the same brachial artery while a sphygmomanometer cuff placed around the forearm was progressively pumped up (to 30, 60, 90, 120, 150 and 180mmHg) , then released. Again, 15-20 waveforms were recorded at each pressure level, and the procedure was repeated after 5min rest.
(5) Doppler recordings were made from the brachial artery while the subject was performing a standard Valsalva manoeuvre (i.e. blowing a mercury column to 60 mm height and maintaining this to break point). The recordings were made before, during and after the manoeuvre, in continuity. The procedure was repeated six times, with 2min rest between each attempt.
(6) The same brachial artery was monitored with the lower arm encased in a thermostatically maintained warming blanket (at 37-39°C); recordings were made of 15-20 waveforms after 0, 3, 6, 9, 12 and 15 min.
(7) After 10min rest, a similar procedure was followed, using an ice-pack; recordings were made every 3 min for 15 min in total.
The order in which these experimental procedures were performed was kept constant in all subjects as pilot experiments had shown that warming and particularly cooling of the lower arm caused protracted changes in the brachial artery Doppler flowvelocity waveforms; these procedures were thus performed last in the sequence. Visual inspection of the brachial artery waveforms showed that they rapidly recovered their basal pattern (within 2 min) after changes induced by Valsalva manoeuvres or shortterm occlusion of the arm with a sphygmomanometer cuff. Intervals of 5min between sections of the experiment ensured that the waveforms started from 'basal shape' each time, by naked-eye appearances.
The tapes of Doppler recordings for each subject were analysed using a Dopstation (Scimed, Fishponds, Bristol, U.K.). This is a dedicated IBM computer, which produces a spectral display in real time of the Doppler-shifted frequencies, using a fast Fourier transform. A suitable screen-full of waveforms was selected. The maximum frequencies of the waveforms were coherently averaged and the 'standard' waveform parameters (i.e. SDR, PI and RI) were calculated from the resultant averaged time domain waveform. The frequency content of the averaged waveform was analysed and plotted graphically as amplitude ratio versus radial frequency (thus representing the original waveforms in the frequency domain). The quadratic equation describing this plot was determined by a curve-fitting procedure (using the method of least squares) and solved using a Laplace transform. From the roots of this equation, various parameters were obtained: natural frequency of oscillation (w,,, proportional to vessel wall stiffness according to its theoretical derivation), real pole (y, inversely pro ortional to the distal vessel radius) and alpha (& inversely proportional to the proximal vessel radius; see the Appendix for further details).
Statistical analysis
As many screen-fulls of waveforms as had been recorded at each point of the experiment for each subject were analysed, and the results were entered into the data bank. This was transferred from floppy disc to the University mainframe computer, where the SPSSX-3 package was used for statistical analysis (Statistics Package for the Social Sciences; SPSSX). Mathematical means were calculated from the multiple entries, including the repeats of the various experimental procedures, so that there was one overall entry to the results list at each point in the experiment from each subject. Non-parametric tests were used throughout, as the distribution characteristics of the various parameters were un- 
RESULTS

Timestability of Doppler recordings
There were no statistically significant differences with time between values obtained for any of the 'standard' or LTA parameters when assessed in the three subjects who had repeat Doppler measurements made from carotid, brachial and iliac arteries over the course of 60 min. Illustrative results from internal carotid artery waveforms are displayed in Table 1 .
Upstream occlusion (Figs. Ic and 2)
With progressive upstream occlusion, the Doppler waveforms recorded from the brachial . artery were progressively attenuated. In most subjects, there was complete occlusion (i.e. no recordable flow) at 120 mmHg occluding pressure.
Downstream occlusion (Figs. Id and 2)
The most obvious visual change in the Doppler waveforms as the downstream resistance to flow was progressively increased was that there developed a more dominant pattern of negative frequencies after the initial positive systolic peak. Above occluding pressures of 120 mmHg, the waveforms again changed in appearance, having a series of positive then negative deflections, rather than a single large one of each.
Valsalva manoeuvre (Figs. I b and 3) During a Valsalva manoeuvre, the Doppler waveforms changed quite abruptly from having pre-of the waveform Darameters from the initial brachial it is evident from observation alone that measurement indices which rely on comparison of maximum systolic and minimum diastolic frequencies will be inadequate to document these changes in shape.
dominantly positive frequencies throughout the cardiac cycle to having almost equal positive and negative frequencies, equal both in range and intensity. With prolongation of the Valsalva manoeuvre, there was an increase in heart rate, which settled back to normal within 2CL-30~ of its release.
Distal warming (Figs. l e and 4)
The changes evoked by maintaining the lower arm in a thermostatically maintained warming blanket were slight, more obvious in some subjects than manoeuvres have been interpreted in accordance with classical physiological explanations; simultaneous invasive monitoring (of intraluminal pressure, vascular dimensions and circulating vasoactive agents etc.) would have destroyed the ideal of studying flow in intact human vessels in vitro.
The theoretical background to the use of Laplace transform techniques in the analysis of Doppler flow-velocity waveforms, namely the modelling of a part of the circulation on an electrical circuit, suggests that the parameters derived from the solutions or poles of the descriptive mathematical equation have dependence on different features of the arterial circulation (see the Appendix and [lS] for further details): w o is proportional to ,/(vessel wall stiffness), a is proportional to l/(proximal vessel radius)' and y is proportional to l/(distal vessel radius)2.
Alpha (calculated as ,,h) is therefore inversely proportional to the proximal vessel radius. Changes in the downstream and upstream vessel diameters should be mirrored independently by changes in y and a, respectively. Arterial pressure influences the tone of the vessel wall; this should therefore be one factor causing changes in wo values.
Our experiments have indeed confirmed these relationships, showing that the model upon which (Fig. Ic) ; increased negative frequencies characterized waveforms recorded while a cuff occluded the lower arm (Fig. Id) . Significance levels were assessed by Kruskal-Wallis analysis of variance for the effect of occluding pressure. Note the generally smaller scatter around the median value for the LTA parameters.
the analysis is based, although simple, is an adequate representation of the circulation. In the experimental procedures documented above, when changes in peripheral resistance were evoked by the use of heating and cooling to vasodilate or vasoconstrict the small vessels in the skin of the lower arm, changes were evident only in the values of real pole (7); the other LTA parameters remained stable (Fig.  4) . More extreme changes in downstream resistance by the use of an occlusive sphygmomanometer cuff caused a mixture of changes in the Doppler waveforms themselves and also in the LTA parameters (Fig. 2) . It was interesting that the effect of the downstream occlusion depended on whether it was below, at or above the arterial pressure, different effects being noted with the cuff at pressures of 120mmHg or above. Below this level, there was a progressive increase in the magnitude of y with increasing pressures. There was an 'inflexion point' for alpha and w o between occluding pressures of 90- (Fig. I b) . Comparisons were made between parameters from waveforms recorded during a Valsalva manoeuvre and those recorded before or afterwards using Mann-Whitney u-tests.
120mmHg, with the value of CI rising abruptly and that of w o falling. We speculate that at the point when the vessel was first being completely occluded by the pressure cuff (9G120 mmHg being approximately systolic arterial pressure for these subjects) then there was arterial spasm which propagated upstream, affecting the vascular diameter above the brachial artery measuring point. Also, the closure of the vessel diminished its natural frequency of oscillation (wo), i.e. the frequency with which the artery would resonate if given a single stimulus and left to vibrate. With prolonged occlusion at supra-arterial pressures, the relatively hypoxic forearm would have had accumulated carbon dioxide and other vasodilatory metabolites; thus the overall 'peripheral resistance' of the region would have diminished. This is probably why the magnitude of y became less at occluding pressures above 120 mmHg. The inverse square dependence of y on the distal vessel radius does not mean that it is only affected by the dimensions of the main dimensions, but rather by the overall cross-sectional area of all the distal vessels (i.e. including branches). Using a sphygmomanometer cuff around the upper arm at various insumation pressures not only provided an incremental upstream occlusion for the brachial artery, but also progressively increased the resistance to venous outflow from the arm. It was (Fig. le) ; those recorded during cooling were characterized by a series of positive then negative frequencies (Fig. If) . Comparisons were made between waveforms recorded after 15 min warming and those after 15 min cooling, and differences in the waveform parameters assessed with Mann-Whitney u-tests. The modest but significant increase in y (as compared with that provided by an occluding cuff around the forearm) was compatible with a degree of outflow obstruction. A Valsalva manoeuvre (forced expiration against a closed glottis) causes a rise in intrathoracic pressure; this diminishes the venous return to the heart 10 and thus the stroke output of the heart also falls. The peripheral effect is of a drop in blood pressure, which is partly compensated for by a rise in pulse rate [24]. There was a significant fall in natural frequency of oscillation (wo) values from waveforms recorded during a Valsalva manoeuvre by comparison with those recorded either before or after it (Fig. 3) ; values of the other LTA parameters did not change.
The 'standard' waveform parameters, measured here alongside the LTA parameters, have been confirmed in their inadequacies. They are all criti- cally influenced by end-diastolic frequency values; SDR in particular must be considered unreliable when end-diastolic frequencies are zero. SDR and PI have large baseline variability. This is in marked contrast to the LTA parameters, whose coefficients of variation measured over the course of 2h are between 6.5% and 19%. The most 'variable' of the LTA parameters, 7, is probably reflecting true changes in the peripheral circulation with time, as capillary beds of muscle and skin dilate and constrict. Despite visually obvious waveform shape changes in response to a Valsalva manoeuvre, SDR and PI did not change significantly. RI had the smallest coefficient of variation for any of the 'standard' parameters. However, RI increased in size with both a downstream occlusion and lowered blood pressure (created by a Valsalva manoeuvre) and could not therefore differentiate the underlying cause of alteration in flow conditions. Analysis of Doppler waveform shape, performed not just with regard to the maximum and minimum deflections but by studying the frequency content of the original signal, allows the different influences upon blood velocity at any point in the circulation to be appreciated. These are, respectively, vessel dimensions, local vessel wall characteristics (including the influence of distending pressures) and downstream resistance to flow (which influences the degree to which incident pressure and flow waves are reflected backwards). Application of an electrical analogue model to the human circulation, together with the use of electrical engineering mathematical manoeuvres, provides a means of extracting the information present in Doppler flow-velocity waveforms; this information is readily apparent to the eyes and ears of a trained observer, but to this point has not been quantifiable. This series of experiments has both challenged and verified the LTA method of assessing Doppler waveform shape changes.
We propose to apply these analysis techniques to Doppler waveforms obtained from women during pregnancy. Many have observed gestational changes in Doppler waveforms and also described pathological patterns, but so far there has only been crude quantification e.g. presence or absence of a 'notch' in uterine waveforms [25] . Laplace transform techniques will allow us to quantify the underlying pathophysiological processes. We believe the method will also be useful in studying regional distribution of blood flow in the healthy and diseased circulation during administration of pharmacological agents. damping or frictional effects (which depend on the dimensions of the vessel) and run off (i.e. energy losses at branches and due to downstream resistance to flow). The model circuit includes these features The solution for current flowing in a transmission line electrical circuit in terms of its frequency characteristics may be found using the Laplace transform method of circuit analysis, following the method described by Skidmore [ 11.
If flow is I(s), and the pressure source is E(s), then:
[I, 21. 
N ( s )
-
6=COSO
The first-order numerator is represented by its zero:
In an electrical circuit modelling for a simple elastic tube of length I, where there is negligible loss in the wall and the resistance in the tube ( R ) is low in comparison with the seepage resistance (Rb), which in turn is low with respect to the terminating resistance (&) By substituting the physical values for the electrical analogues resistance ( R = 8p/7cr4), inductance ( L = p/7cr2) and capacitance [ C = 2( 1 -a2)nr3/Eh], where p=viscosity of blood, r=radius of blood vessel, p =density of blood, G = Poisson ratio for the wall material (stress/strain ratio), E = Young's modulus of elasticity for the wall and h =wall thickness, the parameters may be expressed as:
From the solutions or poles ( s~,~,~) of the flow equation, the values of the parameters a, y and wo may be determined.
Values of y have been considered as positive numbers and the derived parameter alpha (calculated as Ja) has been used for ease of computation.
